Abstract Heavy metals and microbiological contamination were investigated in groundwater in the industrial and coastal city of Thoothukudi. The main sources of drinking water in this area are water bores which are dug up to the depth of 10-50 m in almost every house. A number of chemical and pharmaceutical industries have been established since past three decades. Effluents from these industries are reportedly being directly discharged onto surrounding land, irrigation fields and surface water bodies forming point and non-point sources of contamination for groundwater in the study area. The study consists of the determination of physico-chemical properties, trace metals, heavy metals and microbiological quality of drinking water. Heavy metals were analysed using Inductively Coupled Plasma Mass Spectrometry and compared with the (WHO in Guidelines for drinking water quality, 2004) standards. The organic contamination was detected in terms of most probable number (MPN) test in order to find out faecal coliforms that were identified through biochemical tests. A comparison of the results of groundwater samples with WHO guidelines reveals that most of the groundwater samples are heavily contaminated with heavy metals like arsenic, selenium, lead, boron, aluminium, iron and vanadium. The selenium level was higher than 0.01 mg/l in 82 % of the study area and the arsenic concentration exceeded 0.01 mg/l in 42 % of the area. The results reveal that heavy metal contamination in the area is mainly due to the discharge of effluents from copper industries, alkali chemical industry, fertiliser industry, thermal power plant and sea food industries. The results showed that there are pollutions for the groundwater, and the total Coliform means values ranged from 0.6-145 MPN ml -1 , faecal Coliform ranged from 2.2-143 MPN ml -1 , Escherichia coli ranged from 0.9 to 40 MPN ml -1 and faecal streptococci ranged from 10-9.20 9 10 2 CFU ml -1 . The coastal regions are highly contaminated with total coliform bacteria, faecal coliform bacteria and E. coli. This might be due to the mixing of sewage from Thoothukudi town through the Buckle channel and fishing activity.
Introduction
Groundwater is one of the most vital resources for the sustenance of humans, plants and other living beings. It is required in all aspects of life for producing food for agricultural activities and for energy generation. Groundwater is rarely treated presuming being a naturally protected source. It is considered to be free from impurities, which are associated with surface water, because it comes from deeper parts of the earth. Increasing population and rapid urbanization has lead to several environmental problems including groundwater pollution.
The accumulation of Trace metals in groundwater has direct consequences to both man and the ecosystem. There are two main sources of heavy metals in groundwater (i) natural (ii) anthropogenic sources. The natural sources include the release of metals from rock weathering and their final leaching into groundwater by rock water interaction. The anthropogenic sources include discharge of heavy metals into the atmosphere by burning of fossil fuels/industrial activities and, thereby, to the streams by rain and also through discharge of industrial effluents and sewage water into streams and surface water bodies (Antony Ravindran and Selvam 2014; Dutka and Bell 1973; Handa 1981; Leung and Jiao 2006; Selvam and Sivasubramanian 2012a; Singaraja et al. 2015) .
Drinking water is a major source of microbial pathogens in developing regions, although poor sanitation and food sources are integral to enteric pathogen exposure (Macler and Merkel 2000; Lerner and Harris 2009) . The lack of safe drinking water and adequate sanitation measures lead to a number of diseases such as cholera, dysentery, salmonellosis and typhoid, and every year millions of lives are claimed in developing countries (Van Ryneveld and Fourie 1997) . Groundwater is the main source of drinking water in the villages without any treatment. It may be contaminated by disease-producing pathogens, leachate from landfills and septic systems, careless disposal of hazardous household products, agricultural chemicals and leaking underground storage tanks.
Interest in metals like zinc (Zn) and copper (Cu), which are required for metabolic activity in organisms, lies in the narrow ''window'' between their essentiality and toxicity. Others like aluminium (Al), cadmium (Cd) and lead (Pb) exhibit extreme toxicity even at trace levels (Vanloon and Duffy 2005; Puthiyasekar et al. 2010 ). The quality of water has now become an important topic in all the countries, especially with respect to drinking water. Although water plays an essential role in human life, it has a great potential for transmitting a wide variety of diseases and illnesses. Contaminated water-related conditions result in cholera, dysentery, typhoid fever, ring worms, skin irritation and any other illnesses associated with the consumption and use of poor water supplies.
Heavy metals are major toxic pollutants that severely limit the beneficial use of water for domestic or industrial applications (Nouri et al. 2006) . Groundwater pollution over the years, due to contaminant leaking from the disposal sites, is a big problem in many countries. Industries such as ceramic, painting, glass, mining and battery manufacturing are considered the main sources of heavy metals in local water streams and it eventually contaminates the groundwater with heavy metals. Land fill leachate site is another source of heavy metal contamination in groundwater (Sang et al. 2008) . Increase in human activities such as industrialization coupled with over population and increase in ambient temperature are amongst the other factors that have become major environmental issues in recent years. Exposure to very low levels of elements such as lead, cadmium and mercury have been shown to have a cumulative effects on humans since there is no homeostatic mechanism that can operate to regulate the levels of these toxic substances (Carter and Fernando 1979) . This study reports the levels of dissolved trace elements and heavy metals in the ground water system. The coastal area supports a rapidly growing population and there are concerns regarding the water quality of the ground water system. The main uses of water in the catchment area are domestic and agricultural (livestock watering) (Carter and Fernando 1979) . Therefore, the presence of high concentration levels of heavy metals in the environment presents a potential danger to human health due to their extreme toxicity (Fatoki et al. 2012) . The objective of this study was to assess the heavy metal and microbiological concentration in the groundwater samples of Thoothukudi Corporation, South Coast of Tamil Nadu, Gulf of Mannar and its relation to the highly developed industrial activities. The area is highly industrialized, and it is the main source of pollution. The waste products released from the anthropogenic activities like poultry farms, chemical, pharmaceuticals, and other industries constitute the main cause for the degradation of water quality in the area. Considering this factor and keeping an account of the importance of public health, this study was designed to understand the present status of trace elements and microbiological quality in groundwater of coastal city of Thoothukudi, Tamil Nadu, India. The results obtained will establish a baseline data for future reference.
Study area
Thoothukudi coastal area extends over approximately 206.3 sq km and lies between 8°43 0 -8°51 0 N latitude and 78°5 0 -78°10 0 E longitude in the southern part of Tamil Nadu, India (Fig. 1) . Thoothukudi city and surrounding areas have considerable presence of industries in several industrial sectors. The large industries (other than infrastructure providers, i.e. the Port and the Tamil Nadu Electricity Board Power Plant) are Sterlite (copper), Southern Petrochemical Industrial Corporation (fertilisers and chemicals) and Kilburn Chemicals (titanium dioxide). There are also several textile mills in the district. The presence of these large industries can lead to the establishment of industries that have product synergies with these units (Selvam et al. 2013a, b) . Several medium and small industries, including traditional ones, are situated in Thoothukudi and its neighbourhood. The major segments include salt-industrial and domestic, marine products, minerals (Ilmenite, Garnet, etc.) , dry flower exports, edible oil extraction, readymade garments and senna (medicinal herbs) exports (Selvam 2014e, 2015 . This study reports the levels of dissolved trace elements and heavy metals in the groundwater system. The coastal study area supports a rapidly growing population and there are concerns regarding the water quality of the groundwater system. A large number of researchers have also worked on trace element contents of groundwater in Indian subcontinent and along its coastal area (Ramesh et al. 1995; Mandal and Sengupta 2006) .
Geological setting
About 90 % of the study area is made up of sedimentary rocks of Tertiary to Recent age comprising Shell limestone and Sand, Tuffaceous Kankar, Sand (Aeolian deposits), etc., and the remaining area is covered by mixed and composite gneiss of Proterozoic age of crystalline rocks (Fig. 2) . The sedimentary rocks are fine to medium grained, hard, compact and fossiliferous with shells of gastropods and pelecypods. The thickness of the strata varies from place to place, from a few metres to more than 20 m. The formation extends in the NE-SW direction dipping SE with low angles. Sand admixed with clay is the major formation making the aquifer media. The coastal study area is underlined by loose textured coarse calcareous grits and shell limestone of sub-recent age. Rocks are horizontally bedded with a low dip of 10°-15°SE. The Archaean groups of formations are crystalline and metamorphic, and finely foliated with a general NW-SE trend described by (Balasubramanaian et al. 1993 ). The area is covered with black soils in the western part (Sankarapari area), red soil (sandy loam to sandy soil) in the central part and alluvial sandy soils (Coastal area) in the eastern part. The maximum soil thickness is about 3 m. The sandy soils originated from sandstones have low soil moisture receptivity. The alluvium soils are wind-blown sands and shells that constitute beach sand and coastal dunes, and have very low soil moisture retentivity. The important aquifer systems in the district are constituted by unconsolidated and semi-consolidated formations and weathered and fractured crystalline rocks. The porous formations in the district include sandstones of Tertiary age. The recent formations comprising mainly sands, clays and gravels are confined to major drainage courses in the district. The maximum thickness of alluvium is 45.0 m bgl, whereas the average thickness is about 25.0 m (Selvam 2012b) .
Materials and methods
A total of 36 groundwater samples were collected from open wells and bore holes ranging in depth between 6 and 86 m BGL for summer season 2012 (Table 1) . Sample was collected by acid-washed polyethylene 1000-ml HDPE bottle. The bottle was completely filled with water taking care that no air bubble was trapped within the water sample. Then to prevent evaporation, the double plastic caps of the bottles were sealed. Precaution was also taken to avoid Fig. 1 Location of the study area and the sampling sites with industrial sectors Appl Water Sci (2017) 7:897-913 899 sample agitation during transfer to the laboratory. The samples were stored at a temperature below 4°C prior to analysis in the laboratory. pH, EC and TDS were measured using portable water quality analysers. Major cations (Ca, Mg, Na and K) were determined using ICP-Mass Spectrometer, while the anions were determined as follows: bicarbonate (HCO 3 ) and Total hardness (TH) were analysed by volumetric method, sulphate (SO 4 ) was estimated by the spectrophotometric technique and nitrate (NO 3 ) was determined by ion chromatography. Chloride (Cl) was determined by volumetric titration using AgNO 3 and K 2 Cr, HCO 3 and carbonate (CO 3 ) was determined by Portamess using HCl, phenolphthalein, methyl orange by titration method. Fluoride was estimated by using an ion-selective electrode (ISE) with a pH/ISE meter (Orion 4-Star meter). All concentrations are expressed in milligrams per litre (mg/l), except pH and EC. The heavy metals water samples were collected in pre-cleaned (with 1 N HCl) polyethylene 500-ml HDPE bottles which are filtered, acidified with nitric acid (1 N) and analysed for heavy metals at geochemistry laboratory of National Geophysical Research Institute, Hyderabad by using Inductively Coupled Plasma Mass Spectrometer (ICP-MS) Model ELAN DRC II, Perkin-Elmer Sciex Instrument, USA. The results were evaluated in accordance with the drinking water quality standards given by the World Health Organization (WHO 2004) .
Microbiological analysis
Microbiological quality of water was determined using most probable number (MPN) methods (International Organization for Standardization, 2000). Groundwater samples were analysed for total coliform bacteria, faecal coliform bacteria, Escherichia coli and faecal streptococci. The MPN method was used to determine the presence of gas producing lactose fermenters and MPN of coliforms present in 100 mL of water. After 24 h of incubation at 37°C in Lauryl Sulphate Tryptose Broth, tubes with turbidity and gas production were recorded as total coliform bacteria and a loopful of culture from the positive tubes was transferred into EC broth. Tubes with turbidity and gas production were recorded as faecal coliform bacteria after 24 h of incubation at 44.5 ? 0.5°C. From the positive tubes of EC broth, a loopful of culture was streaked on Eosine methylene blue agar (EMB), and colonies showing metallic sheen were recorded as presumptive E. coli. Further, typical colonies on EMB agar were purified and subjected to IMViC tests and confirmed as E. coli. Pour plate technique using Kenner Faecal agar was employed for the estimation of faecal streptococcal count, and typical colonies were counted after incubation at 37°C for 48 h and expressed as colony forming unit (CFU) per ml or g of the sample. Salmonella was confirmed following standard procedures (AOAC 1998). Salmonella was detected by preenrichment in lactose broth, selective enrichment in tetrathionate broth and selenite cysteine broth, followed by selective plating on Xylose Lysine Deoxycholate agar and Bismuth sulphite agar. Typical colonies were purified them subjected to biochemical tests and finally confirmed serologically using poly 'O' and poly 'H' antisera (AOAC 1998).
Concept of IDW
The base map of Thoothukudi area was digitized from survey of India toposheet using ArcGIS 9.3 software. The precise locations of sampling points were determined in the field using GARMIN 12 Channel GPS, and the exact longitudes and latitudes of sampling points are imported in GIS platform (Selvam et al. 2014d, f) . The spatial distribution for groundwater quality parameters like trace elements and bacterial elements was done with the help of spatial analyst modules in ArcGIS 9.3 software. Inverse distance weighted (IDW) interpolation technique was used for spatial modelling. IDW interpolation determines cell values using a linearly weighted combination of a set of sample points. The weight is a function of inverse distance.
Further an input point is from the output cell location, the less importance it has in the calculation of the output value.
The output value for a cell using IDW is limited to the range of the input values used to interpolate. Because the IDW is a weighted distance average, the average cannot be greater than the highest or lesser than the lowest input. Therefore, it cannot create ridges or valleys if these extremes have not already been sampled. Also, because of the averaging, the output surface will not pass through the sample points. The best results from IDW are obtained when sampling is sufficiently dense to represent the local variation that needs to be simulated. Thus, IDW technique is ideal for analysis in respect of water quality data from various sampling points densely spread out. If the sampling of input points is sparse or very uneven, the results may not adequately represent the desired surface.
Results and discussion
Salient features of major ion chemistry groundwater sample is due to leaching of salts from soil and also by anthropogenic activities. The EC value is measured in micro-semens per centimetre and is a measure of salt content of water in the form of ions. The EC values range from 350-19,100 ls/cm with an average value 4887 ls/cm. The spatial distribution of EC in groundwater of the study area is shown in Fig. 3 . The Not Permissible (NP) limit of EC (3125 mg/l) was observed towards N-NE, N-NW and central directions. Highly soluble rocks contribute more ions and impart high conductivity. To determine the suitability of groundwater of any purposes, it is essential to classify the groundwater depending upon their hydrochemical properties based on their EC values (Selvam et al. 2014b, c) . The negative logarithm of hydrogen ion concentration (pH) ranges from 7.1 to 10.2 with an average value 7.7. The pH value as low as 7.1 was recorded in Meelavitan and the highest was found in Jothi nagar near Sankarapari with a value of 10.2. This shows that the groundwater of the study area is dominantly alkaline in nature. The slight alkalinity may be due to the presence of bicarbonate ions, which are produced by the free combination of CO 2 with water to form carbonic acid, which affects the pH of the water (Azeez et al. 2000) . Amongst the cations, the concentrations of Na, Ca, Mg and K ions range from 27 to 1400, 11 to 570, 15 to 442 and 5 to 400 mg/l, with a mean of 409.00, 139.60, 118.00 and 63.00 mg/l during PRM seasons. (Fig. 4) .
Heavy metal distribution
For the protection of human health, guidelines for the presence of heavy metals in water have been set by different International Organisations such as United States Environmental Protection Agency, World Health Organization (WHO) and the European Union Commission (Marcovecchio et al. 2007 ). Thus, heavy metals have permissible limits in water as specified by these organizations. The summary of the heavy metal results of laboratory analyses conducted on the samples are in Table 1 .
The concentration of lead in groundwater varies from 0.000 to 0.018 mg/l with an average concentration of 0.004 mg/l (Table 3) , which is beyond the desirable limit WHO (2004) . The lead concentration in groundwater of the study area is within the maximum allowable limit in all the sample locations. The main sources of lead contamination are industrial discharges from smelters, battery manufacturing units, run off from contaminated land areas, atmospheric fall out and sewage effluents. Arsenic concentration in the groundwater varies from 0.000 to 0.083 mg/l with an average concentration of 0.015 mg/l. The maximum allowable limit of arsenic ion concentration in groundwater is 0.01 mg/l as per WHO 2004 classification. According to WHO standards, 42 % of the samples have exceeded the permissible limits and 58 % of the samples are within the permissible limit (Table 3) . Not Permissible limit of arsenic was observed towards North West, North East and central portion (Fig. 5) . A higher concentration of Arsenic in the study area is due to industrial waste leaching or percolating through the subsurface. The study area STERLITE is one of the copper industries located near Thoothukudi town which produces copper from copper concentrates. Arsenic trioxide is obtained as a byproduct from dusts and residues that are produced during the treatment of other metal ores such as gold and copper (Puthiyasekar et al. 2010) . The high arsenic concentration is due to the anthropogenic activities like poultry waste, brick making and agricultural practices (Selvam et al. 2014a) .
Chromium concentration in the groundwater varies from 0.001 to 0.080 mg/l with an average concentration of 0.013 mg/l. As per WHO 2004 standard only one sample (2017) 7:897-913 905 exceeds the permissible limit, which may be due to industrial activity. The most common man-made sources of chromium in groundwater are burning of fossil fuels, mining effluent, effluent from metallurgical, chemical and other industrial operations (Leung and Jiao 2006) . The risk to human health is through ingestion only-drinking, cooking and teeth brushing. Well water with chromium levels greater than 0.05 mg/l may safely be used for bathing, hand washing and dishwashing . The concentration of iron in the groundwater varies from 0.001 to 0.357 mg/l, with an average of 0.123 mg/l. The maximum allowable limit of iron ion concentration in groundwater is 0.3 mg/l as per WHO 2004 classification. It is found that 85 % of the samples are within the desirable limit and 15 % of the samples have crossed the permissible limit in the area, according to the WHO standard 2004 (Fig. 6) . The NP limit of 0.3 mg/l was observed in small patches of central portion due to anthropogenic activity. Iron can be found in meat, whole meal products, potatoes and vegetables. The human body absorbs iron in animal products faster than iron in plant products. Iron is an essential part of haemoglobin, the red colouring agent of the blood that transports oxygen through our bodies. Higher Fe concentrations in the aquifers might have been the results of interaction from oxidized Fe minerals and organic matters and subsequent dissolution of Fe 2 CO 3 at a comparatively lower pH (Mondal et al. 2010 ). This type of water was clear when drawn from the well, but shortly changes into cloudy and then turns brown due to precipitation of Fe (OH) 3 . Another reason for high Fe concentration may be due to the removal of dissolved oxygen by organic matter, leading to reduced conditions. Under reducing conditions, the solubility of Fe-bearing minerals (siderite, marcasite, etc.) increase in water, leading to the enrichment of dissolved iron in groundwater (Applin and Zhao 1989; White et al. 1991) .
The concentration of Aluminium in groundwater ranges from 0.011 to 0.837 mg/l with an average concentration of 0.084 mg/l. The maximum allowable limit of aluminium ion concentration in groundwater is 0.2 mg/l as per WHO 2004 classification. 88 % of samples fall within the maximum allowable limit, while 12 % of samples exceed the permissible limits (Fig. 7 ). This figure clearly shows that a not permissible limit of Aluminium (0.2 mg/l) was observed in the central portion and small patches of western portion of study area. The source of Aluminium in the study area groundwater samples may be through the weathering of bedrock and soil or it may be related sources like industries, which introduced Aluminium into groundwater. Aluminium occurs naturally in some rocks and drainage from mines. Aluminium formed during mineral weathering of feldspars, such as orthoclase, anorthite, albite, micas and bauxite, subsequently ends up in clay minerals.
The concentration of selenium in the groundwater varies from 0.000 to 0.149 mg/l with an average concentration of 0.086 mg/l. The maximum allowable limit of selenium ion concentration in groundwater is 0.01 mg/l as per WHO 2004 classification. According to WHO standards, 82 % of the samples exceed the permissible limits and only 18 % (Table 3 ) of the samples are within the permissible limit (Fig. 8) . NP limit of selenium was observed in N-NE, N-NW, S-SE, S-SW direction and central portion. Selenium is a natural heavy metal associated with specific geological formations and in groundwater it occurs as a mixture of selenite and selenate. Diminutive amount of selenium was beneficial, but excess amount was toxic in groundwater.
The potential health effects were on hair, finger nail loss and numbness in fingers or toes (Negrel et al. 2004 ).
The concentration of antimony in the groundwater varies from 0.000 to 0.007 mg/l with an average concentration of 0.001 mg/l. The maximum allowable limit of selenium ion concentration in groundwater is 0.005 mg/l as per WHO 2004 classification. Especially, people who work with antimony suffer the effects of exposure by breathing in antimony dusts. Human exposure to antimony may take place not only by breathing air, drinking water and by eating foods that contain it but also by skin contact with soil, water and other substances that contain it (Sang et al. 2008) .
Cadmium concentration in the groundwater varies from 0.000 to 0.002 mg/l with an average concentration of 0.000 mg/l. The range of nickel concentration in groundwater varies from 0.000 to 0.011 mg/l, with an average concentration of 0.005 mg/l. The range of molybdenum concentration in groundwater varies from 0.000 to 0.008 mg/l, with an average concentration of 0.002 mg/l. The concentration of barium in the groundwater ranges from 0.000 to 0.057 mg/l with an average concentration of Cobalt concentration in the groundwater ranges from 0.000 to 0.027 mg/l with an average value of 0.002 mg/l, while Vanadium concentration in the groundwater varies from 0.002 to 0.052 mg/l with an average concentration of 0.010 mg/l. The range of silver concentration in groundwater varies from 0.000 to 0.002 mg/l, with an average concentration of 0.000 mg/l. The concentration of strontium in the groundwater varies from 0.000 to 2.000 mg/l, with an average concentration of 0.504 mg/l. BIS and WHO have not given any guideline value for Cobalt, Vanadium, Silver and Strontium concentration in the groundwater. The strontium concentration was higher in the study area indicating that the source could be anthropogenic through agricultural activities an input of strontium to some extent it depends on the content of fertilisers and carbonate additives and manure like cattle, poultry, etc. (Negrel et al. 2004) . Strontium concentrations in soil may also be attributed to dumping waste and industrial wastes. Strontium in soil dissolves in water, so that it would be able to leach deeper into the ground and enter the groundwater.
Microbiological analysis
In microbiological analysis, MPN test was conducted in 11 water samples in order to find out faecal coliforms (total coliform bacteria, faecal coliform bacteria, E. coli and faecal streptococci) through biochemical tests (Table 4 ; Fig. 9 ). Further, the samples were screened for Salmonella to study the reliability of faecal indicator bacteria as an index of human pathogenic bacteria.
The test indicated that the presence of Faecal coliform bacteria were detected at the maximum detectable limits and were detected in water samples near costal area (Coastal Beaches), which was found to be the more polluted sampling site. Samples of water from Mappillaiurani Beach, Iniko Nagar, Thirespuram present higher values indicating the contamination of ground water from fishing activity, making the water unfit for drinking purposes (Fig. 10) . Total coliform bacteria were high in water samples of all coastal fishing centres and were at the maximum detectable level of over MPN 145 ml -1 and were detected at eastern part (Iniko Nagar) of the study. This may be due to the settlements nearby which lead to defecation along the beaches. Similar trend in total coliform bacteria was observed in Thirespuram, Mappillaiurani Beach, though the maximum level of was recorded in the study period (Fig. 10) . This might be due to the mixing of sewage from Thoothukudi town through the Buckle channel. E. coli and Faecal streptococci showed greater variation among samples during season and the highest values were recorded in water samples from Fishing old Harbour, Mappillaiurani Beach and Thirespuram. It may be due to the fishing activity which is one of the main reasons for contamination by E. coli and Faecal streptococci in the study area (Fig. 10) . Although faecal streptococci gives only supplementary evidence of faecal pollution, they are still considered better indicators than coliforms because of their inability to grow and multiply in water or virgin soils (Vaidya et al. 2001) .
Faecal indicator bacteria such as total coliforms, faecal coliforms and E. coli that are excreted by humans and warm-blooded animals pass sewage treatment plants in large amounts, and survive, preserving their pathogenicity for a certain time. Salmonella might be isolated in samples of the Thoothukudi study area, even when the concentration of faecal coliform bacteria was low. On the contrary, Geldreich (1972) could establish a relationship and reported that when the faecal coliform was over MPN 20 ml -1 , Salmonella was always present in water samples from canal communities along Texas coast (Goyal et al. 1977) . However, in this study Salmonella was absent in many samples even when the faecal coliform bacteria were over MPN 145 ml -1 .
Management implications
A number of issues emerge which need to be incorporated into future strategies for groundwater management. Definitions of baseline are given here which can form the basis for distinguishing pristine from polluted waters as well as criteria for identifying modern waters with only traces of human impact from more polluted waters. In common, physico-chemical treatments offer various advantages such Fig. 9 Sampling site of the Microbiological study as their rapid process, ease of operation and control, and flexibility to change of temperature. Unlike in biological system, physico-chemical treatment can accommodate variable input loads and flow such as seasonal flows and complex discharge. Whenever it is required, chemical plants can be modified. In addition, the treatment system requires a lower space and installation cost. Their benefits, however, are outweighed by a number of drawbacks such as their high operational costs due to the chemicals used, high-energy consumption and handling costs for sludge disposal. However, with reduced chemical costs and a feasible sludge disposal, physico-chemical treatments have been found as one of the most suitable treatments for inorganic effluent (Kurniawan et al. 2006) . In wastewater systems containing heavy metals with other organic pollutants, the presence of one species usually impedes the removal of the other. For instance, hydrometallurgy, a classical process to recover metals, is inhibited by the presence of organic compounds and a pre-treatment step, to remove or destroy organics, is generally required; pyrometallurgy which is able to decontaminate systems from organic pollutants and recover metals suffers from lack of controllability, demanding extremely high temperatures. The most promising methods to treat such complex systems are the photocatalytic ones which consume cheap photons from the UV-near visible region. These photo catalysts serve as electron relays, from the organic substrates to metal ions. Thus, they induce both degradation of organic pollutants and recovery of metals in one-pot systems, operable at traces of the target compounds (less than ppm). Regulations are in place to regulate the release of toxic metals in the environment to ensure safety and health of the workers as well as the public in general. The following remedial suggestion can reduce the risk of trace metals and biological contamination in the present study area:
• Monitoring of water and soil in the vicinity of the toxic metal processing units needs to be carried out more rigorously for the specific metal.
• Recycling/reprocessing of wastes containing toxic metals and biological contamination needs to be given greater emphasis not only from environmental and health considerations but also as a resource conservation measure.
• Guidelines for proper management of tailings and slags containing toxic metals should be prepared taking into consideration techno-economic feasibility.
• Tailings dumps and process wastes lying in locations close to the processing units need to be remediated on priority.
• Health monitoring of workers engaged in the processing of toxic metals/compounds should be carried out regularly.
Conclusion
This study shows that the Thoothukudi Corporation of Tamil Nadu has been affected by trace elements and microbiological contamination in groundwater. The study reveals that Arsenic, Selenium, Lead, Bismuth, Aluminium, Iron and Vanadium are, in general, concentrated above the permissible limit (WHO 2004) in groundwater of the area of investigation. The increasing concentration of these elements in the groundwater of the study area is mainly originating from industrial effluents of copper industries, alkali chemical industry, fertiliser industry, thermal power plant, sea food industries, shipping activities and also from municipal waste water. Faecal pollution was found that fishing old harbour, mappillaiurani beach and thirespuram are highly affected from total coliform bacteria, faecal coliform bacteria and E. coli. This might be due to the mixing of sewage from Thoothukudi town through the Buckle channel and fishing activity. In view of these findings, there is a need to monitor more closely the environment under review and put in place appropriate checks and balances to preserve the health of communities within the vicinity of the industrial areas, as the effects of heavy metals are bio-accumulative and pose great dangers to the health of humans, animals and plants. From the results of the present study, we can suggest that the Government should adopt some treatment technologies in the following study areas to minimize these heavy metals in groundwater and surface water for providing safe drinking water to the public.
